While studying extraplanar neutral hydrogen in the disk-halo transition of the inner Galaxy we have discovered what appears to be a huge superbubble centered around ℓ ≈ 30
INTRODUCTION
A key factor in Galactic evolution is the very complex interaction between stellar evolution and the interstellar medium. Stellar winds and supernovae not only redistribute hydrogen and heavy elements, but in sufficient quantity, can totally shut down star formation by moving gas to the intergalactic medium. In addition, circulation of gas from the disk into the halo, or accretion of low-metallicity gas, will alter the chemical evolution of the Galaxy (Veilleux et al. (2005) and references therein; Sancisi (1999) ; Tripp et al. (2003) ).
The Milky Way offers a unique yet often confused perspective on these processes. Neutral, warm, and hot gas is observed far from the Galactic plane, and 'superbubbles' are sometimes seen surrounding sites of recent star formation, though the connection between the different phases, and indeed the differentiation between local, Galactic halo, and intergalactic phenomena is not always clear.
A search for shells and shell-like structures in the Milky Way was completed by Heiles (1979 Heiles ( , 1984 , complemented by Hu (1981) at high Galactic latitudes and by McClure-Griffiths et al. (2002) in the southern hemisphere. Recently an automated search for shells in the Leiden-Dwingeloo survey (Hartmann & Burton 1997) was carried out by Ehlerová & Palouš (2005) , who discovered nearly 300 structures, several of which were identified with objects from Heiles' and Hu's catalogs. Shells and supershells are also observed in nearby galaxies including M31, the LMC and the SMC (Brinks & Bajaja 1986; Kim et al. 1999; StaveleySmith et al. 1997; Stanimirovic et al. 1999; Walter & Brinks 1999; Howk & Savage 2000) . Heiles (1984) and McClure-Griffiths et al. (2002) thoroughly analyze a few specifically chosen shells from their surveys (see also McClure-Griffiths et al. 2000) . Recent examples of studies of individual shells are: Aquilla Supershell: Maciejewski et al. (1996) ; Scutum Supershell: Callaway et al. (2000) (in H I , H α , infrared, X-ray and UV), Savage et al. (2001) (UVabsorption) .
The simplest spherically-symmetric self-similar theory of the superbubbles was developed by Pikel'ner & Shcheglov (1969) , Castor et al. (1975) and Weaver et al. (1977) , among others. Koo & McKee (1992a,b) gave the problem of spherically-symmetric bubble a more general analytical treatment, and Oey & Clarke (1997) used the self-similar approach to derive the size distribution of shells in a galaxy; their results are in good agreement with observations of nearby galaxies. Based on an early approach of Kompaneets (1960) , a 2D semi-analytical model of a bubble in a stratified medium was developed by Mac Low & McCray (1988) . Tomisaka & Ikeuchi (1986) ; Mac Low et al. (1989) ; Tenorio-Tagle et al. (1987 ; Igumenshchev et al. (1990) gave the 2D problem a numerical treatment. Mac Low et al. (1989) found the results of approximate Kompaneets-model calculations to be in excellent agreement with their exact numerical solutions. A detailed review of early theoretical and observational work on superbubbles was given by Tenorio-Tagle & Bodenheimer (1988) . A detailed critical analysis of the Kompaneets approximation was given by Koo & McKee (1990) , who showed how this method can be improved. The complete range of approximate superbubble models was reviewed by Bisnovatyj-Kogan & Silich (1995) .
A number of 3D numerical treatments of the superbubble problem have now been done: Tomisaka (1998) studied how a Galactic magnetic field changes the traditional 2D numerical results; Korpi et al. (1999) simulated superbubbles with a non-ideal MHD model; de Avillez & Berry (2001) carried out a high-resolution hydrodynamical study and their approach was expanded by Breitschwerdt & de Avillez (2006) to model the Local and Loop I bubbles.
In a recent discussion Oey (2004) finds the conventional superbubble paradigm to be consistent with the observational data. A few problems exist, the most serious of which is the "energy-deficit problem" (Oey & García-Segura 2004; Cooper et al. 2004 ), but there is nothing which suggests that the basic theory is in error.
New studies in directions where one might have some hope of untangling the different processes and understanding their relationships may yield interesting results. To this end we have been measuring the disk-halo transition of the Milky Way in the 21 cm line of H I , using the Green Bank Telescope to map neutral gas above the Galactic plane in the inner Galaxy. The power of this telescope is such that significant new insights into Galactic H I can be obtained with integration times as short as two seconds per spectrum. We have focussed our first efforts on regions near the tangent points in the first longitude quadrant of the inner Galaxy, where Galactic rotation is projected entirely along the line of sight and the distance to the highest velocity features can be estimated with a reasonable degree of accuracy. This paper reports the discovery of a very large, coherent H I structure which extends > 3 kpc into the Galactic halo near the tangent point at ℓ = 30
• , and which is likely to be a relatively nearby example of the superbubbles playing a critical role in galaxy evolution. It lies predominantly in the Ophiuchus constellation, so we refer to it as the Ophiuchus superbubble.
In section 2 of this paper we describe the H I observations and in section 3 the corresponding data reduction; section 4 summarizes the observed properties of the superbubble in both H I and H α . In section 5 we discuss the distance to the system and derive some of its physical properties. Section 6 tests the validity of the superbubble hypothesis against a simple analytical model, which also provides estimates of the age and energetics of the system, and in section 7 possible sources of the superbubble's origin and ionization are considered. Section 8 concludes the paper with a general discussion of the results.
OBSERVATIONS
The observations were made with the National Radio Astronomy Observatory's 100 m diameter Robert C. Byrd Green Bank Telescope (GBT)
1 . The angular resolution of the telescope at 21 cm wavelength is 9.
′ 1 (FWHM). The receiver was dual circularly polarized and had a system temperature at zenith of 18 K. Spectra were measured using the Spectral Processor, a 2 × 1024 channel FFT spectrometer operated at a bandwidth of 5 MHz to give a channel spacing of 1.03 km s −1 and an effective velocity resolution of 1.25 km s −1 . Spectra were obtained by frequency switching 'in-band' for a total velocity coverage of about 500 km s −1 centered around +50 km s −1 (LSR). With this arrangement the rms noise in an individual channel for measurements made at elevations 20
• is ≈ 0.36 t −1/2 K, where t is the integration time in seconds.
The region of our investigation was mapped in segments, each typically 2
• ×2
• in Galactic longitude ℓ and latitude b, at a spacing of 3 ′ in both coordinates. This is slightly finer than the Nyquist sampling for the angular resolution of the GBT. Data were taken while the telescope moved in Galactic longitude at a rate which gave integration times of 2 seconds at each pointing position. Areas of special interest were reobserved for an additional 5 seconds at each position, so the final maps are a mix of data whose noise levels vary by factors of a few when all effects are taken into account. In all, more than 220,000 independent H I spectra were obtained. We report here on just a fraction of the data in these measurements: the emission from a large structure near the tangent point at ℓ ∼ 30
• .
DATA REDUCTION
Spectra were reduced and maps made using the aips++ software package and its set of GBT functions gbdish. Calibration was accomplished through laboratory measurements of the receiver's noise diodes with checks against the standard regions S6 and S8 (Williams 1973) . In this experiment noise, and not calibration uncertainty, dominates the error budget. Instrumental baselines were removed from the individual spectra using 2nd or 3rd-order polynomials fit to emission-free velocities. The spectra were assembled into a data cube in aips++ using gridding functions which produced little loss of angular resolution. However, the on-the-fly scanning reduces the effective angular resolution in the scanning direction with the result that the final data have an effective angular resolution (FWHM) in ℓ and b of 9.
′ 8 × 9. ′ 3.
In addition to the new observations, we have used a small amount of GBT archival data taken during a survey of the lower Galactic halo with an identical instrumental configuration (Lockman 2002a) .
Correction for Stray Radiation
The main problem encountered during data reduction was a contamination of some of the data by stray 21 cm radiation. At certain sidereal times a forward spillover lobe of the GBT admits some Galactic disk emission into spectra taken many degrees away from the plane (see Lockman & Condon (2005) ). The stray component produces broad, weak, variable emission on which the real features lie. As a first-order correction for this effect, we renormalized all the contaminated spectra to the Leiden-Dwingeloo (hereafter LD) survey of Hartmann & Burton (1997) in the manner described in Lockman et al. (1986) and Lockman (2002b) . The GBT data are convolved to the angular resolution of the LD survey, and any difference between the convolved GBT spectra and that of LD is assumed to be stray radiation in the GBT data, which is then removed from individual GBT spectra. Figure 1 shows a GBT spectrum (at 9 ′ resolution) before and after this correction, and the LD spectrum in the same direction. The GBT spectrum has a line from a compact H I cloud which is not detectable in the larger (36 ′ ) LD beam.
The stray radiation correction procedure sometimes created long, narrow horizontal and vertical artifacts at the boundaries of the survey sections. These are quite noticeable in some of the figures but are essentially small zero-offsets with negligible effect on the analysis. Work is underway to better estimate the stray radiation correction and remove these artifacts. The H I features we discuss here are discrete in space and velocity and can easily be distinguished from the broad stray H I component. All measurements reported in this paper have been checked for consistency with the uncorrected data.
Error Estimates
The rms noise of spectra in the final data cube is typically 0.25 K for the 2 sec. survey regions, and as low as 0.15 K in the deeper areas that have 7 sec. integration times. The error introduced into the total column density, N H I , by baseline uncertainties is comparable with the error from noise. The stray radiation correction also introduces an error in column density measurements which is difficult to quantify. In this paper we focus on H I emission features which are discrete in position and velocity, so the uncertainty in N H I introduced by the stray radiation correction should be comparable to that of noise and the instrumental baseline. In all, the error in N H I for the features discussed here is ≈ 3 × 10 18 cm −2 (1σ) in a single pixel, and about half of this is uncorrelated from pixel to pixel. Figure 2 is an H I column density map covering more than 300 square degrees derived from GBT spectra integrated over 60 ≤ V LSR ≤ 100 km s −1 . This range of velocities corresponds to gas rotating with the Galaxy near the tangent points at these longitudes, implying a distance from the Sun r = R 0 sin ℓ if the rotation is purely circular, where R 0 ≡ 8.5 kpc is the distance from the Sun to the Galactic center. The figure shows an object which we call "the Plume," centered at ℓ, b = 30
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• . If it is at the tangent point, it has a distance from the plane z = 3.4 kpc. It is an irregular structure approximately 10
• by 5
• in size with localized H I column densities of 2 -4 ×10 19 cm −2 . There are a few nearby H I clouds which seem to be related to the Plume, but its main section does not seem to be a group of clouds but rather a singular, albeit complex, object. Figure 3 shows the entire region of our survey, and the Plume in the larger context of the Galactic disk and lower halo. Here the H I spectra were integrated over 60 -160 km s −1 , a range which covers the tangent point velocities at all these longitudes. Most of the area of Fig. 3 was observed with the GBT, but lower angular resolution data from the LD survey have been added around the edges of the image. Values of N HI vary by several orders of magnitude from low to high latitudes over this region, so as an aid to visualization the data were scaled by sin |b|.
The GBT data show what looks like a system of many filamentary structures (we dub them "whiskers") reaching from the disk to b ≥ 15
• (z ≈ 2 kpc). A population of dozens of compact clouds fills the space between the whiskers and the Plume, suggesting that the Plume itself at b = 25
• may be a coherent cap on top of an unusually violent eruption of gas from the Galactic disk. Based on our inspection of the LD and WHAM survey data (the latter is described in §4.2), this system is one-sided and does not extend below the Galactic plane.
The kinematics of the Plume is shown in relation to its spatial structure in Figure 4 . The lower part of the figure shows velocity as a function of the Galactic longitude for the brightest H I peaks. Only a few clouds with velocities significantly larger or smaller than the rest were excluded from this Figure. We will return to them when discussing the kinematics of the system and its surroundings. Vertical bars on each point indicate the FWHM of the line. The upper part of the figure relates each measurement to its position on the sky. The measurements above or below the strip of 25
• < b < 28
• are filled with gray and have bolder bars in order to distinguish them from the measurements made in the main section of the object.
There is a clear linear dependence of the LSR velocity of the Plume with longitude, a relationship which extends even to the outlying clouds. The slope of V LSR (ℓ) matches the slope of the 12 CO terminal velocities in the Galactic plane (Clemens 1985) shown by the dashed line. We will see that this is fully explained by the effect of projection of Galactic rotation for an object near the tangent point and is an indication that we are in fact dealing with a single coherent object. The typical FWHM of the lines is about 15 -20 km s −1 , which is broader than other known halo clouds (Lockman 2002a; Lockman & Pidopryhora 2005) , suggesting that the Plume is highly turbulent.
Examples of spectra taken at seven locations within and around the Plume are shown in Figure 5 . Although these are the brightest lines of the system, only a few reach T B > 1 K. Often the lines are not single Gaussians but have a double or even more complex line structure. The spectrum at G28.30+30.35 is from the highest latitude cloud we have detectedwell separated from the main body of the Plume but certainly part of it.
Ionized Hydrogen
The region of our study has been observed in the H α line of ionized hydrogen with the Wisconsin H-Alpha Mapper (WHAM; Haffner et al. (2003) ). Over most of the area the optical extinction is low, and H α has been detected to a great distance from the Sun (see also Madsen & Reynolds (2005) ). Figure 6 shows the H α emission integrated over 55 ≤ V LSR ≤ 95 km s −1 , similar to the velocity range used in Figures 2 and 3. The lower velocity limit was chosen as optimal for avoiding the contamination from unrelated emission, while the upper velocity is the limit of reliable data in the WHAM survey.
The Ophiuchus superbubble is clearly a major feature in H α as well as in H I . However, unlike the H I , which seems concentrated in the Plume and several "whiskers" marking the edges of the system, the H α is not limb-brightened, and if anything, is brightest in the center of the system. We estimate that any central cavity in the ionized gas is likely to have a radius less than half that of the system: the H + is distributed over a large volume rather than in a thin shell.
The H α data overlaid with H I are shown in Figure 7 . Green color represents H α and purple H I . The diagonal purple stripe at the bottom is due to dust in the "Great Rift" attenuating the H α . It is easy to see the correspondence of many features, e. g., the tips of the H I whiskers at (ℓ, b) ≈ (40 • ), etc., but the most spectacular is the match of the H I Plume with the top of the ionized hydrogen structure. The H α image of some of the smaller clouds seems shifted to a higher longitude than the H I , but this is likely the effect of the 1
• beam size of the WHAM and the incomplete sampling of the H α survey. Many clouds are represented by only one or two pixels in H α ( Figure 6 ) and much of the emission is at the limit of the WHAM survey sensitivity. Additional H α observations of this system are now being made.
The H α shows the continuity between the H I features near the plane and the high-z parts of the system. H α emission associated with the largest H I whisker continues upward and appears to connect with the H I Plume. This correspondence is the primary evidence that at least some of the H I whiskers are related to the Plume. We conclude that we are seeing a single system of neutral and ionized gas, with H α emission filling the ≈ 10
• void between the H I whiskers and the Plume. This system is most probably a coherent structure of gigantic proportions.
Other Species
At the moment there is no conclusive evidence that the superbubble has been detected in anything other than H I and H α . There is considerable structure in the soft X-ray emission as measured by ROSAT in this region (Snowden et al. 1997 ) but most of it appears to arise from absorption in the same dusty foreground medium that blocks the H α . Nothing similar to the H I or H α features of the superbubble is found. This is not surprising if we are dealing with a superbubble: its interior is expected to be too hot to be detected in soft X-rays (Veilleux et al. 2005 ).
There is also no significant correlation with the radio continuum at 408 MHz (Haslam et al. 1982) , which closely matches the diffuse soft X-rays in this region. In fact, what we see in both the radio continuum and the X-ray is the tip of the North Polar Spur overlaid on the superbubble. This is probably a coincidence as we can find no detailed correspondence between the H I and radio or X-ray emission. Also, the North Polar Spur is thought to be a local object at a distance of a few hundred pc (Bingham 1967; Willingale et al. 2003) while we believe that the superbubble is about 7 kpc away ( §5.1).
Detection of UV metal resonance lines at the velocity of the superbubble would be very useful in uncovering the origins of its gas, but to the best of our knowledge no line of sight in a relevant direction has ever been observed in a UV or optical absorption line.
THE OPHIUCHUS SUPERBUBBLE: DERIVED PROPERTIES
Distance
The H I velocities of the superbubble, especially the part of it near the Galactic disk, are very close to the tangent point velocities at the corresponding longitudes (see §5.3) and thus we adopt the tangent point distance. For a Sun-center distance R 0 = 8.5 kpc and a nominal longitude of ℓ = 30
• , the tangent-point distance at the base is 7.4 kpc, while if the Plume lies directly above that location, at b = 25
• , it must be at a distance of 8.1 kpc.
V LSR changes slowly as a function of distance in the vicinity of a tangent point and thus kinematic distance estimates are not very precise even in the absence of non-circular motions. We adopt a nominal distance of 7 kpc for every part of the system and use a scaling parameter, d 7 = d/7 kpc to show how derived quantities depend on the adopted distance. For a distance to the base of 7 kpc, the Plume, the cap on the superbubble, is at z = 3.4 kpc from the Galactic plane.
Size and Mass
The Plume is 10
• in longitude and 5
• in latitude, which corresponds to 1.2 × 0.6 kpc at a distance of 7 kpc. It has several concentrations with typical diameters of about 100 pc. To estimate its mass we integrated the column density over the range of 55 to 100 km s −1 , which is a slightly larger velocity range than is covered in Figure 2 , but which includes most of the emission. The total derived H I mass is 3×10 4 d 2 7 M ⊙ , and the H I mass of an individual clump is about 500 -1000 d 2 7 M ⊙ . This mass estimate is subject to a number of uncertainties. It does not include the lower velocity wings of a few high longitude clouds and it unavoidably includes some unrelated H I from the wings of a few low and high-velocity sources. The former effect is marginal but the latter one might add to the measured mass. By choosing different velocity ranges and sky boundaries, and measuring the mass before the stray radiation correction, we have examined how all these factors change the estimated H I mass. Alternate choices of velocity range have the most influence on the result and lead to variations in mass of as much as a factor of 2. From a similar analysis we derive masses of a few 10 5 d 2 7 M ⊙ for each whisker, but here there is an additional uncertainty because whiskers blend with unrelated emission at low latitudes. The estimated mass is thus for that part of a whisker which lies at b 4
• . In our best estimate, the total H I mass of the superbubble system, evaluated as the sum of the whiskers' masses and the mass of the Plume, is ∼ 10 6 d 2 7 M ⊙ .
Kinematics
Because of the large size of the superbubble, projection effects must be considered in analyzing its kinematics. Thus we introduce a new velocity coordinate, the "deprojected" velocity υ. For a point of the observed 3D space (ℓ, b, V LSR ),
Here V t (ℓ) is the tangent point velocity for the given Galactic longitude derived from the empirical polynomial relation of Clemens (1985) , neglecting his proposed change to the LSR, and V LSR sec(b) is the measured velocity of an H I line corrected for the projection of circular Galactic rotation with latitude. Objects in circular rotation near the tangent point will all have a similar value of |υ| ∼ 0 regardless of their latitude. This deprojection is useful mainly in displaying and visualizing the relationship between objects at different locations; it is less useful for quantitative analysis.
We identified 636 H I features which appear to be discrete clouds in the system and measured their central velocities. Such measurements have been performed everywhere it was possible above b = 6
• . Closer to the Galactic plane the features are too blended to be distinguished. Resultant values of υ are shown in the four panels of Figure 8 . The twenty points belonging to the Plume are marked by a larger size and darker shade. They are the same positions plotted in Figure 4 . The kinematic coherence of the Plume stands out. Much of the systematic variations in V LSR (ℓ) noted in Fig. 4 arise because of the projection effects. The variation is removed in the deprojection (Fig. 8b) . The Plume is seen to be a distinct, coherent structure with kinematics similar to that of the gas in the disk below it, but at a velocity somewhat lower than V t . The connection is explored further in § 5.5.
Connection to Gas Nearer the Plane
The lower part of the superbubble system shown in Figure 3 consists of whiskers of H I extending as much as 2 kpc into the Galactic halo. The typical H I mass of each whisker is a few 10 5 d 2 7 M ⊙ . The H α data clearly show that the superbubble has continuity from its H I cap, the Plume, down to the plane, but the existing H α data provide little kinematic information on the connection.
In Fig. 8b we see some H I features which lie spatially and kinematically between the Plume and the bulk of the emission at lower latitude, but their connection with the superbubble, if any, cannot be established from existing data. Clouds that lie at some significant distance from the tangent point have values of υ ≪ 0. As seen in the figure there are many such objects within the analyzed set of measurements. They are probably unrelated to the superbubble.
We conclude that there is a clear connection between H I in the disk and that in the Plume, but the kinematic structure of the entire system remains uncertain.
Plume Kinematics: Corotation or Lag?
An object far from the Galactic plane, like the Plume, may not be corotating with the material below it. In fact, it is expected to lag significantly behind Galactic rotation, i.e., V θ (z = 3 kpc) < V θ (z = 0), and it may have a vertical velocity, V z , as well (Collins et al. 2002) . We test this possibility for the Plume atop the superbubble. As the reference for normal Galactic rotation we use the molecular clouds which lie close to the plane and have a small component of random motion; their kinematics can be traced in spectral lines such as 12 CO. Figure 9 shows measurements of the tangent-point velocity, V t , of 12 CO in the Galactic plane over the longitude range of the superbubble (Clemens 1985) that have been fit with a spline curve which captures the small-scale structure. For this fit the 12 CO measurements were filtered with a 1
• median filter, and evaluated every 30 ′ . The terminal velocity of 12 CO changes by > 30 km s −1 over this region. The sharp jump at ℓ ≈ 35
• is seen in low-latitude H I as well as CO (Burton & Gordon 1978) , and may be related to density wave streaming, though it is not a feature of recent models (Bissantz et al. 2003) . The points below the CO curve show the LSR velocity of the Plume corrected for projection of circular rotation, V LSR sec(b), and the vertical bars show the FWHM of the H I lines. The CO and H I track each other with a nearly constant offset. The correlation between velocities in the plane and in the superbubble cap is shown further in Figure 10 . They are correlated at the 85.3 percent probability level (Pearson correlation coefficient).
For an object near the tangent point, the velocity components expressed in galactocentric coordinates (R, θ, z) project to the LSR in the following way:
where V θ and V 0 are the azimuthal (rotational) velocities at R and at the Sun, respectively, and V z is a vertical component of motion, taken to be positive in the direction of the north Galactic pole. Near the tangent point, velocities which are radial with respect to the Galactic center, V R , project across the line of sight and do not enter into V LSR .
For an object at the tangent point, where R = R 0 sin(ℓ), we can write
and define a lag velocity
which quantifies the difference between the rotational velocity in the halo and that in the plane. Rewriting equation 2 for an object at the tangent point:
We have fit this equation to the H I in the Plume using, for V t , the spline curve from the 12 CO data of Figure 9 . The solution with V z = 0 fails the F-test with certainty very close to 100%, i.e., we can detect no significant vertical motion of the Plume within the statistical error of 22 km s −1 . Interpreting the difference between the Plume and CO velocities as arising from a lag in rotational velocity, we find V lag = 26.6 ± 4.6 km s −1 (1σ). The H I data corrected for the derived lag are shown in Figure 11 . The velocities of the H I Plume atop the superbubble match 12 CO terminal velocities in the plane extremely well, in some cases even following fine structure in V t . This is strong evidence that the motion of the Plume is determined by the gravitational field of the Galaxy, and not local conditions.
There is, however, another possible interpretation of the velocity difference between the Plume and the tangent point: the superbubble system may not be located at the tangent point. If we interpret the Plume's velocity using a model requiring cylindrical Galactic rotation for all heights above the disk, i.e., V θ (z) = V θ (0), its implied location is either at a "near" distance of 5 kpc (and z = 2.4 kpc) or a "far" distance of 11 kpc with z = 5.4 kpc. In this case, however, the H I whiskers rising up from the plane very close to the tangent point must not be related to the Plume despite the fact that H α emission connects all parts of the system. This alternate interpretation still leaves the Plume extremely far from the Galactic plane, where some lag from corotation is expected anyway.
We conclude that it is most likely that: 1) The superbubble is a coherent system whose kinematics derive primarily from Galactic rotation; 2) The distance to the system is approximately the tangent point distance, 7 kpc; 3) the kinematics of its cap, the Plume, are consistent with a lag in Galactic rotation of 26.6 ± 4.6 km s −1 at a location R = 4 kpc and z = 3.4 kpc; 4) The Plume shows no significant evidence for vertical motions.
Potential Energy
As a lower limit on the energy needed to produce the superbubble, we can estimate the gravitational potential energy of the Plume. Let us assume that initially the mass now in the cap was at rest in the Galactic plane, rotating with the Galaxy. Then, using a Galactic potential model, we can estimate the energy required for it to reach its current position. Both the graphs in Collins et al. (2002) (derived from the potential by Wolfire et al. (1995) ) and calculations with the GalPot package 2 by Walter Dehnen (Dehnen & Binney 1998) give the same result: an object in the plane at R = 4 kpc would have to be given a vertical velocity of ≈ 200 km s −1 to reach z = 3.4 kpc. Combined with our estimate for the Plume's H I mass this gives:
An exact calculation with the GalPot package gives the identical result of 1.8 × 10 52 erg.
Ionization
The H α data can be used to derive the rate of emission of ionizing photons illuminating the Plume from the Galactic plane. For this purpose we use a small cloud separated from the main body of the Plume, though clearly associated with it: the cloud at ℓ ≈ 29
• , b ≈ 31
• , whose angular size is approximately 1
• in H I .
The GBT spectra show that this cloud has a foreground N H I = 6 × 10 20 cm −2 , implying a visual extinction A V = 0.3 mag for a standard dust-to-gas ratio (Diplas & Savage 1994) . We neglect this modest extinction in this initial analysis of the ionized gas, where we seek only to understand the general nature of the system. Subsequent studies will take this into account, however, for it becomes increasingly important at lower latitudes.
The total H α intensity of this cloud in the WHAM survey is I α ≈ 0.1 Rayleigh, which corresponds to a production rate of 10 5 H α photons cm −2 s −1 . For Case B recombination this requires ionization by a Lyman continuum photon flux . Neglecting geometric factors, and assuming that the photon source is a point located a distance z from the cloud, the source production rate of Lyman-continuum photons is
For the cloud at 29
• + 31
• with z = 7 tan(31
This value is consistent with the output of 100 typical O-class stars (Martins et al. 2005 ).
The Ophiucus superbubble lies near many H II regions and young stellar clusters, though its size is so large that we cannot pinpoint a singular source of its ionization. The W43 cluster at ℓ ≈ 30
• generates 10 51 Lyman-continuum photons s −1 (Smith et al. 1978) , enough to ionize the Plume if the path between the two is unobscured. This is discussed further in §7.
H + Mass of the Superbubble
Assuming that the temperature of the H + is 8000 K, a typical value for the Galactic ionized medium (Reynolds 1985) , each Rayleigh of H α emission corresponds to an emission measure of 2.25 cm −6 pc ). The superbubble is about 2 kpc wide and we assume the same value for the emission depth l EM (which is also subject to the distance uncertainty factor d 7 ). The average electron density inside the structure is
where f is the filling factor of ionized gas along the line of sight. The lack of strong limbbrightening in H α ( §4.2) leads us to adopt f 0.5. For simplicity we ignore a possible difference between the line-of-sight and volume filling factors. In the superbubble the typical observed I α = 0.2 R, so, neglecting extinction,n e = 0.015
For the 5 -8 d 3 7 kpc 3 volume of the system, the values ofn e , and f give
a mass similar to that in H I .
Vertical Density Structure of a Whisker
The vertical structure of a "whisker" can give insight into its origin. Figure 12 shows the best example of an H I whisker which is likely to be connected to the superbubble. Here the emission is integrated over 70 ≤ V LSR ≤ 90 km s −1 , which covers the tangent point velocities at its longitude. There are a number of similar H I features in the GBT data. Figure 13 shows the whisker's N HI averaged over 5
• in longitude. For comparison, the solid curve is the N H I (z) expected for a 1.6 kpc path through the Dickey-Lockman (DL) empirical H I layer (Lockman 1984; Dickey & Lockman 1990 ). The DL function was derived from 21 cm measurements covering both sides of the Galactic plane and averaged over 3.5 ≤ R ≤ 7.5 kpc. It should be representative of the vertical structure of the H I layer in the inner Galaxy.
We see that the vertical density structure of the whisker resembles that of the average interstellar medium. This would not necessarily be the case if the whisker were a column of gas thrust up from the disk. Indeed, a similar analysis along a cut through the Plume shows it as a clear excess of gas above any scaled DL curve at z = 3.4 kpc. Thus we have the strong implication that the whisker is gas swept up from the side, e.g., perpendicular to the walls of an expanding bubble. The gas in the Plume has been carried up to its location, but the gas in the whisker has not. If we could separate the whisker from unrelated emission, its effective depth, i.e., the path through the DL layer needed to give its N H I , would be a measure of the volume swept out to make the whisker. The value of 1.6 kpc for the curve in Figure 13 is consistent with the size of the system, but should not be given much significance at this stage of our understanding. This particular whisker is seen in H α , but is so faint that a more detailed analysis of its ionization is impossible.
H I "worms", objects morphologically similar to our whiskers, have been discussed by Heiles (1984) who suggested that they are "probably parts of shells that are open at the top". This is consistent with our conjecture that whiskers are formed by a sideways motion rather than an upward thrust.
A MODEL FOR THE OPHIUCHUS SUPERBUBBLE
It is possible to test the hypothesis that this entire system is a superbubble blown by a cluster of young stars in the disk by comparing our data with a model of a superbubble. We use the idealized analytical Kompaneets 2D model (Kompaneets 1960 ) to draw possible bubble boundaries, determine the position of the walls and cap in relation to the parent star cluster, and derive a general estimate of the time and energy scales required in such a scenario. The Kompaneets model has been adopted by Mac Low & McCray (1988) , Bisnovatyj-Kogan & Silich (1995) and then by Basu et al. (1999) to describe a superbubble expanding from the disk of the Galaxy into an exponential atmosphere with a scale height H. The main virtues of such a simple model are its ease of use and clear representation of the principal physical processes involved. It also has many limitations. It is not as exact as modern 2D and 3D simulations and, as noted by Mac Low et al. (1989) and Koo & McKee (1990) , its numerical predictions may be off by up to a factor of 2. It also describes the bubble evolving in complete isolation while in reality its evolution is influenced by many external factors like Galactic gravitational and magnetic fields, perturbation by other bubbles, etc. Nevertheless, the model is a suitable starting point for checking the plausibility of the superbubble hypothesis and its quantitative errors are acceptable given that all the properties of the Ophiuchus system are as yet known only to within a factor of a few.
The model follows the standard paradigm of adiabatically evolving bubbles (Weaver et al. 1977; Mac Low & McCray 1988) . It assumes that the bubble is formed around a cluster of stars with a constant total mechanical luminosity L 0 . Initially the cluster winds expand freely and form a shock driving into the ambient ISM. Almost from the time of the bubble's formation it can be treated as a very thin and dense shock-shell filled with a rarefied gas. Assuming that the shock front moves normal to itself and that its expansion speed is determined only by the internal pressure P (t), ambient density ρ(z), and the ratio of the specific heats γ, Kompaneets (1960) found that the shell's shape at every moment of time is described by a curved surface from the following family:
Here r is the radial cylindrical variable: as the density is assumed constant for fixed z the surfaces are axially symmetric. The top and bottom of the curve, where r = 0, are located at:
The parameter y has dimensions of length and varies from 0 to 2H. It is a nonlinear function of time, energy and volume of the bubble, but its meaning is best understood from a purely geometrical point of view. It follows from equation 13 that by using r/2H, z/2H and y/2H instead of r, z and y the equation can be rendered dimensionless. The scale height H then sets the scale of the shell, while its shape is governed solely by the parameter y. The dimensionless "evolution factor" y/2H varies from 0 to 1 describing the evolutionary stage of the bubble. A value of zero corresponds to a point at the source at the moment of origin, t = 0. For y/2H 0.5 the shape is almost spherical, then for 0.5 y/2H < 1 it becomes ellipsoid-like, getting more and more elongated in the z direction. Finally, for y/2H = 1 the bubble's surface is a paraboloid-like shape stretching up to infinity. Physically this means infinite shock acceleration in the upward direction due to a strong density gradient, the "blowout" scenario, when the bubble's top is completely disrupted and the bubble becomes a "chimney".
Another possibility is the "stall" scenario. For values of y ≈ 2H the strong shock approximation is no longer valid and thus the Kompaneets model becomes unphysical. The shell expansion stalls when its speed falls to the sound speed of the external medium, which is the same moment when the pressure in and out of the bubble equalizes. By then the walls and the cap of the bubble begin to decompose and finally the shell merges with the surrounding ISM.
Ideally, to allow for the development of a one-sided bubble its origin must be somewhat above the Galactic plane. In reality, even if this condition is not satisfied the development of the downward lobe can be blocked by a dense molecular cloud or some other density fluctuation common in the Galactic plane, especially in a spiral arm where the bubble's parent star cluster was likely located.
Within the Kompaneets framework, the age and internal thermal energy of the bubble, E th , (which is just the mechanical energy from the source cluster, L 0 t, minus the work done on the shell expansion) is obtained by solving the equations numerically to get y explicitly through time. However, Basu et al. (1999) , who performed this numerical evaluation, found that the solutions for time and energy closely follow those for the much simpler spherically symmetric model of Castor et al. (1975) if their shell radius R s is made equal to y. Thus we can use the following approximate formulae for the age of the bubble and its internal energy (Castor et al. 1975; Basu et al. 1999) :
Note that when the shell has evolved to its maximum diameter the Kompaneets energy is less than the one calculated from the spherical model.
In Figure 14 two Kompaneets curves are plotted on the combined H I and H α data from Figure 7 . We have assumed a constant distance scale (shown in the upper left corner) for the entire figure based on the distance to the system of 7 kpc. Both models have their center of origin at the same z, close to the Galactic plane. The model parameters are given in Table 1 .
The solid curve (Model 1) was fit by hand to the brightest H I whiskers and clouds, and goes through the dense H α region at ℓ ≈ 35
• , 15
• b 25
• . In order to do this the curve had to be tilted by 14.5
• in the outward direction relative to the Galactic center. This tilt is consistent with the behavior of the whiskers, which are all tilted by 10
• − 20 • in the same direction. It is also consistent with the effect of the Galactic gravitational potential which the Kompaneets model does not take into account at all: any object thrown vertically from the Galactic plane at ℓ ∼ 30
• will drift to a higher longitude while it moves upward. The results of throwing an object to reach z of a few kpc would give us the same effective outward tilt angles of 10
• − 20
• (Collins et al. (2002) , and calculations from GalPot (Dehnen & Binney 1998)). Model 1 also has a benefit of being narrow, and because of that does not extend significantly into and below the Galactic plane.
A wider Kompaneets model that still reaches the same height from the plane would need either an origin at a higher z, or an extent some distance below the Galactic plane where, in a realistic situation, it would create a second lobe extending into the halo below the disk. We do not observe a second lobe, but created Model 2 (the dashed curve) mainly to test the generality of the results derived from Model 1. Model 2 is not tilted and was manually fit to contain most of H I and H α of the system. Both models have an evolution factor, y/2H, almost equal to unity. It is interesting that the atmospheric scale height needed to match the shape and size of the system is not unreasonable. The position of the cap in relation to the Galactic disk where the bubble's source is located is consistent with the superbubble hypothesis. These conclusions would hold for any Kompaneets curve fit to the Ophiuchus system because the height of the superbubble is so much larger than its width. The meaning is simple: this bubble is already stalled/blown and is dissipating, or it is approaching the stall/blowout. This is the main qualitative result we get from the Kompaneets model.
We evaluated eqs. 15 and 16 for arbitrary n 0 and L 0 and then for a few typical values. A typical young star cluster has a mechanical luminosity of 10 5 L ⊙ (Dove et al. 2000; Smith 2006 ) so this is used as a reference value. The central density is chosen to be 1 cm −3 , though other possibilities were examined to understand the sensitivity of the derived properties to the input density. The results are presented in Table 1 . One column shows how the calculations would change depending on the value of the distance to the system. As the bubble is close to the end of its evolution, the age calculation should be treated as a lower limit, while the energy is an upper limit.
The model properties differ by a factor of only 2.5, an insignificant difference in view of its limitations. Any Kompaneets model constrained to have a source near the plane and upper end at the Plume would give similar results. The models give an age of the bubble whose order of magnitude is:
which can be compared with the ballistic age of the Plume, i. e., the time necessary for it to reach its current position at z ≈ 3 kpc from a single vertical thrust of velocity applied at the Galactic plane. From the GalPot package this time was found to be ≈ 30 Myrs. It is interesting that this age corresponds to the time of onset of fragmentation of a superbubble shell due to instabilities (Dove et al. 2000) . Both Rayleigh-Taylor and gravitational instabilities may appear in the late phases of bubble evolution. When a bubble has expanded to the point that its interior pressure is similar to the exterior pressure, characteristical RayleighTaylor "fingers" will form and break, producing a debris of cold cloudlets (Breitschwerdt & de Avillez 2006) . The shell may also become gravitationally unstable at the same time as well, also resulting in shell fragmentation (Elmegreen & Lada 1977; McCray & Kafatos 1987; Voit 1988) . The structure of the Plume suggests that it might be just at this point in its evolution. Based on coincidence of these three different age estimates we conclude that the age of the bubble is most likely to be ≈ 30 Myr.
The total internal energy of the system has the limit
which is comparable to the estimate of the gravitational potential energy of the Plume discussed in § 5.6. Combining these two estimates, the total energetics of the system is in the 10 52−53 erg range. Of course, we do not know the nature of the parent stellar cluster, so we cannot tell if it suffers the "energy-deficit problem" observed in other systems (Oey & García-Segura 2004; Cooper et al. 2004 ). The Ophiuchus superbubble could have been formed by an OB association containing about 70 O stars, similar to the Carina Nebula, which will contribute to the ISM about 2.6 × 10 52 erg through stellar winds over 3 Myr (Smith 2006 ).
THE OPHIUCHUS SUPERBUBBLE IN THE GALAXY
The H I and H α superbubble lies above a section of the Galaxy which contains many sites of active star formation. The H II region and molecular cloud complex W43, at ℓ ≈ 30
• , near the tangent point of the Scutum spiral arm, has been called a 'mini-starburst', where the star formation efficiency has apparently been enhanced over the last 10 6 yr (Motte et al. 2003) . The brightest H II region in W43 is G29.944-0.042 with a radio recombination line velocity of 96.7 km s −1 , and there are many other H II regions within a few degrees that have the 70 − 100 km s −1 velocities of the H I whiskers and Plume (Lockman 1989) . Although the superbubble has an age > 10 Myr and was likely produced by a generation of young stars previous to the current W43 cluster, W43 is known to generate at least 10 51 Lymancontinuum photons s −1 based on the radio observations that trace the absorbed fraction (Smith et al. 1978) . The W43 stars clearly have sufficient ionizing luminosity to ionize the superbubble, if the disk medium allows a moderate leakage of Lyman-continuum photons into the halo.
The Plume itself is so far from the plane that it is probably exposed to ionizing radiation from several spiral arms in the inner Galaxy. Because we have a good estimate of its distance, it can act as a probe of the radiation field above the disk. It has an H α flux similar to that of some high-velocity clouds also detected with the WHAM instrument (Tufte et al. , 2002 , and the implied Lyman-continuum photon flux needed to maintain its ionization, 2 × 10 5 photons cm −2 s −1 , is in the range of that expected from models of an object at its location (Bland-Hawthorn & Maloney 2002; Putman et al. 2003) .
CONCLUDING DISCUSSION
Using 21 cm H I spectra measured with the GBT, we have discovered a large coherent structure located in the inner Galaxy at a distance of about 4 kpc from the Galactic center and 7 kpc from the Sun. Its top reaches > 4 kpc above the Galactic plane and is visible in both ionized and neutral hydrogen emission. The structure of the H I , the location and intensity of the H α emission, and the analysis of the system's kinematics, give a consistent picture: most probably we are seeing a superbubble blown by the joint action of stellar winds and multiple supernovae from a star cluster in one of the Galaxy's spiral arms. The model shows that the energetics required to power the creation of a bubble of this size is of the same order as is produced from a typical OB association. The structure's age is ≈ 30 Myr and the OB stars in the cluster, which formed the bubble, have thus already evolved off the main sequence. A different, younger cluster must be the source of ionizing photons which produce the observed H α . A summary of the properties of the H I cap on the system is given in Table 2 , and a summary of the properties of the system as a whole is in Table 3 .
The Plume, the neutral cap on top of the system, is very irregular with broad lines suggesting substantial turbulent motions. And yet, its overall kinematics match the kinematics of molecular clouds in the plane below it quite well, with a lag of 27 km s −1 . Extra-planar gas is expected to show a gradient in rotational velocity arising from a change in the gravity vector with z, and recent models have attempted to reproduce the magnitude of the effect observed in other galaxies (Collins et al. 2002; Barnabè et al. 2006; Fraternali & Binney 2006) . In the Milky Way, evidence for deviations from corotation is suggestive but not compelling (Savage et al. 1990 (Savage et al. , 1997 . The Plume stands as the best single example of a Galactic cloud with a significant, and coherent, lag behind corotation.
The Kompaneets model indicates that we are seeing either the late stages of the bubble's development or the early stages of its decomposition. This is consistent with our failure to detect any significant vertical motion of the Plume. At the age of this system several instabilities should begin to fragment a superbubble shell (Dove et al. 2000) . The turbulent, irregular structure of the Plume, with its outlying clouds, may be a sign that this process is already underway. In about 30 Myr (the ballistic free-fall time) all the material will return to the Galactic disk.
The vertical density structure of one of the H I whiskers found at the base of the system is similar to the average vertical density structure over the inner Galaxy. This is consistent with the hypothesis that this whisker is part of the superbubble's walls swept by an expansion perpendicular to its surface. Despite its suggestive appearance, we do not believe that this whisker results from an outflow along its axis but rather a sidewise push. Other vertical structures have been identified in Galactic H I and interpreted as outflows (Heiles 1984; English et al. 2000; de Avillez & Mac Low 2001; Asgekar et al. 2005; Kudoh & Basu 2004) . Although the mass of some of these is in range of the mass of the whiskers in the Ophiuchus superbubble system, they are typically smaller by a factor of ten in size. The whiskers detected here more nearly resemble the vertical dust lanes seen with the WIYN telescope in NGC 891 as pillars of extinction extending to z ∼ 2 kpc against the light of that galaxy (Howk & Savage 2000) . Like the whisker of Fig. 12 , they contain ∼ 10 5 M ⊙ . It is interesting that the linear resolution of the GBT in the 21 cm line of H I at the Ophiuchus superbubble is essentially identical to that of the WIYN telescope at NGC 891.
This superbubble is very different from an M82-type nuclear starburst (Weiß et al. 1999; Matsushita et al. 2005) : the energies and densities involved are orders of magnitude smaller. It can, however, be compared with known bubbles in normal and dwarf galaxies.
An analysis of observations of bubbles and shells both in the Milky Way and other galaxies shows that bubbles fall into two general categories divided by their age. "Young" bubbles have typical sizes of a few hundred pc, expansion velocities of 20 km s −1 and ages of a few Myr. "Old" bubbles have typical sizes of more than 1 kpc, expansion velocities of 10 km s −1 and ages of a few tens of Myr. Old supershells usually are not very abundant in normal spiral galaxies, possibly because of the presence of differential rotation, destructive to large coherent structures. However there are still several known in the Milky Way and a few in similar galaxies like M31 and M33 (McClure-Griffiths et al. (2002) ; Kim et al. (1999) ; Ehlerová & Palouš (2005) ; Walter & Brinks (1999) and references therein). In the shell classification scheme of Kim et al. (1999) , which is based on the relation between H I and H α , the Ophiuchus superbubble belongs either to Type I (shell filled with ionized gas) or Type V (discrete H II regions inside the shell due to secondary star formation inside the shell). Type I is a characteristic of young bubbles at the earliest stages of their development so it probably does not apply here, while Type V is consistent with both the old age and a large number of H II regions near the base of the superbubble, and also with the broad distribution of H + within the system. New ionization sources develop after the death of the parent cluster not by chance, but as a consequence of the bubble's evolution.
The Ophiuchus superbubble with its size ∼ 2 kpc, age of ≈ 30 Myr and lack of detectable expansion seems to be a typical old superbubble. Its total mass of a few 10 6 M ⊙ and energy of 10 53 ergs are also typical of bubbles of this size. But its large size is unusual for the small galactocentric distance of just 4 kpc: it is at least twice as large as any known H I bubble at a similar location in the Galaxy (see Fig. 16 in McClure-Griffiths et al. (2002) ). With its radius larger than the H I scale height this bubble possibly belongs in a special class of events (Oey & Clarke 1997) . Still, creation of such superbubbles should be commonplace in Galactic spiral arms, so other old superbubbles similar to this one probably exist in the Milky Way. It may not be easy, however, to detect them. There is no expansion or vertical motion to provide an easily recognizable velocity signature. If a similar object were far from a tangent point, it would blend with local gas and be almost undetectable due to its low column density. Finally, one needs a nearby independent younger star cluster to illuminate it after the parent cluster is dead in order to produce H α .
Our understanding of this unique system is just beginning. We should emphasize that the H I column density of the structures discussed in this paper often is so low that their detection was only possible through the unique combination of the high sensitivity, spatial, and spectral resolution of the GBT. Even so, we may be detecting only the brighter HI peaks in this system and missing faint, diffuse emission. The Plume, for example, which appears in Fig 2 as a number of distinct parts, may be a single structure connected with a thin envelope. In the absence of more sensitive H I observations many interesting aspects of this system must remain unknown. The analysis of its ionized component, in particular, is crude, as the angular resolution of the H α measurements is poor and our assumptions about the geometry of the system are primitive. A more sophisticated analysis, using higher angular resolution H α data and including a detailed estimate of foreground extinction, would be most rewarding. Measurements in UV absorption lines through this system would allow us to study its internal structure as a function of ionization and search for abundance anomalies indicative of the enrichment which accompanies supernova-driven bubbles.
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• 35. The solid gray line is the H I spectrum from the closest point, of the Leiden-Dwingeloo (LD) 36
′ resolution H I survey at ℓ, b = 28.
• 50, 20.
• 50 (Hartmann & Burton 1997) . The solid black line is the final spectrum, corrected by subtracting from the original GBT spectrum the difference between the GBT data (convolved to match the LD beam) and LD spectrum. The final GBT spectrum shows emission at V LSR ≈ 70 km s −1 from a compact cloud which is not detectable in the LD data. Fig. 2 .-"The Plume" in H I . An H I column density map derived from GBT spectra integrated over 60 ≤ V LSR ≤ 100 km s −1 . The figure shows an object which we call "the Plume." It has peak H I column densities of 2 -4 ×10 19 cm −2 . The main part of it lies within the box, but there are a few separate clouds nearby with similar kinematics which are likely part of it. The cloud at (ℓ, b) ≈ (29
• ) is the highest-latitude member of this group discovered so far. show the Plume in the larger context of the Galactic disk and lower halo. The integration covers all the tangent point velocities at these longitudes. GBT H I spectra are used for most of the map, but data from the lower resolution Leiden-Dwingeloo survey are used around the edges. The intensity scale has been multiplied by sin |b| to compress the dynamic range and show structures more clearly. Several coherent H I features (we dub them "whiskers") stretch from the disk to b ≥ 15
• (z ≈ 2 kpc). Dozens of compact but relatively dense clouds fill the space between the whiskers and the Plume. The Plume itself appears to be a cap on top of an unusually violent eruption of gas from the Galactic disk. • < b < 28
• are filled with gray and have bolder bars, and show that the coherence of the structure extends even to outlying clouds. The dashed line is a linear fit to the CO terminal velocity measurements in the Galactic plane (Clemens 1985) with an offset discussed in §5.5. It shows that the linear dependence of LSR velocity with longitude is fully explained by Galactic rotation and projection effects. The typical emission FWHM is 15 -20 km s −1 , which is broader than usual for halo clouds, suggesting high turbulence. Unusually wide wings imply a double Gaussian or even more complex line structure. The cloud at G28.30+30.35 lies considerably above the main body of the Plume, but its spectrum is similar to the others. (2003)). The figure conveys the nature of the WHAM survey. Each circle is centered at the coordinates of a WHAM observation, but for clarity is only half the diameter of the 1
• WHAM beam. The superbubble is a major feature in H + as well as H I , but unlike the neutral hydrogen, the ionized hydrogen fills the area and is not concentrated at its edges. Empty spots occur where bright foreground stars contaminate the data. The diagonal purple stripe at the bottom results from extinction of the H α by dust in the Great Rift. There is detailed correspondence between H I and H α for many features, e. g., the tips of the H I whiskers at ℓ, b ≈ 40
• +15
• and 30
• , clouds at 29 • +31
• and 22
• +25
• , and indeed, the Plume itself. The ionized components of some of the smaller clouds appear shifted to higher longitude than the H I , but this is probably the effect of the sparsity of the H α survey and its 1
• beam size. The H α emission connects the cap continuously to the Galactic disk and thus suggests that this system is a singular phenomenon of gigantic proportions. • (z > 3 kpc), the Plume still bears a detailed imprint of the rotation of the Galactic disk. Fig. 11 .-Velocity structure of the Plume, compensated for lag, compared with that of molecular gas at the tangent point. These are the same data as in Fig. 9 , but with the H I velocities (marked here with crosses) increased by 26.6 km s −1 . The close agreement of these measurements shows that the Plume at z > 3 kpc shares the same kinematics as molecular clouds in the Galactic plane, even in considerable detail. Its kinematics are thus dominated by Galactic rotation. Fig. 12. -GBT H I observations of a prominent whisker of H I which may be the wall of the superbubble. This image is integrated over 70 ≤ V LSR ≤ 90 km s −1 , velocities which cover the tangent points in this direction, where 1
• corresponds to 120 pc. The whisker thus extends about 1.5 kpc into the halo. • of longitude, plotted against distance from the plane assuming that the whisker is at the tangent point. The top of the whisker is at z ≈ 1.5 kpc. The solid curve shows the empirical N H I (z) derived by Dickey & Lockman (1990) over the inner Galaxy, scaled to a 1.6 kpc path length. The agreement between the curve and points suggests that the vertical structure of the whisker is essentially the vertical structure of the general ISM. The whisker is thus not likely to be material thrust up from the plane, but rather a wall of gas swept up from the side, as would be expected if it is the wall of a superbubble. Fig. 7 ) with two Kompaneets models that might describe its structure. They share the same latitude of origin slightly above the plane, but differ in aspect ratio and tilt. A distance scale is given at the top of the Figure. The implied ages and energetics of the two models are quite similar, and, because the system is so large, are reasonably robust to small changes in initial conditions. A tilt is expected from the change in gravitational potential over so large a system, and matches the general tilt of the H I whiskers.
